The structural, electronic, and optical properties of poly(3-hexylthiophene) (P3HT) have been comprehensively studied by density functional theory (DFT) to rationalize the experimentally observed properties. Rather, we employed periodic boundary conditions (PBC) method to simulate the polymer block, and calculated effective charge mass from the band structure calculation for describing charge transport properties. The simulated results of P3HT are consistent with the experimental results in band gaps, absorption spectra, and effective charge mass. Based on the same calculated methods as P3HT, a series of polymers have been designed on the basis of the two types of building blocks, furofurans and furofurans substituted with cyano (CN) groups, to investigate suitable polymers toward polymer solar cell (PSC) materials. The calculated results reveal that the polymers substituted with CN groups have good structural stability, low-lying FMO energy levels, wide absorption spectra, and smaller effective masses, which are due to their good rigidity and conjugation in comparison with P3HT. Besides, the insertion of CN groups improves the performance of PSC. Synthetically, the designed polymers PFF1 and PFF2 are the champion candidates toward PSC relative to P3HT.
Introduction
In recent years, more and more researchers have focused on the study of the high efficiency solar cell because of energy crisis and environmental degradation. Traditional solar cells made from high-purity silicon have been commercialized, but their applications are limited because of high cost and weight. Polymer photovoltaic cells with a bulkheterojunction (BHJ) active layer have attracted attention due to their potentially low cost, light weight, flexibility, and easy manufacturing. [1] [2] [3] Over past decade, much progress has been made for polymer BHJ, and the polymer BHJ cells have given power conversion efficiency (PCE) greater than 7%, 4 and even have reached it of 8.3%. 5 To further improve the device performances, one can develop new device architectures, 6, 7 synthesize new polymer donors 4, 8 and new electron acceptors, [9] [10] [11] [12] or work on both ends. In recent years, developing low-bandgap polymer donors has provided an alternative approach for achieving high PCEs. For the electron donor materials, one most important property is a strong absorption covering a broad spectral region whereas the band gap is less than 2 eV. [13] [14] [15] [16] Another important issue is minimizing the loss processes in the bulk during the exciton and charge transport. The photocurrent generation in the polymer solar cells generally involves in five steps as shown in Scheme 1: (1) absorption of light by the active layer, resulting in creation of excitons, (2) exciton transport to the donor (D)-acceptor (A) interface, (3) dissociation of excitons at the interface of electron donor/ acceptor interface, (4) transport of the charges, and (5) charge collection by electrodes. As shown in Scheme 1, polymer donors play important parts in the photoelectric conversion process, such as obtaining photon influx from the sun, exciton generation and dissociation, and hole transport.
In order to deeply understand the connection between chemical structures and the electronic properties of the donor-acceptor system, and rationally design novel donoracceptor system, theoretical calculations on them are of importance, especially of some parameters, such as ring current densities, reorganization energies, and charge-transfer integrals are difficult to be obtained from experiments. From the view-point of electronic structure, the donor-acceptor system should have strong electronic coupling whereas the exciton binding energy should be low, and the donor should have large hole mobility. Quantum mechanical calculations on donor-acceptor complexes can provide important information about these properties of the donor-acceptor system. In order to be manageable, the complex issues of a realistic condensed phase environment of the donor-acceptor system are usually neglected in these calculations.
At present, P3HT-PCBM based polymer solar cells (PSCs) (P3HT = regioregular poly(3-hexylthiophene), PCBM = methanofullerene (6,6)-phenyl-C 61 -butyric acid methyl ester) have achieved an efficiency surpassing 5%. 17 In the past decades, several researchers have investigated the electronic and structural properties of P3HT in theory. [18] [19] [20] However, to our knowledge, application of PBC-DFT to P3HT has not yet been reported. In addition, led by the work of Bendikov and co-workers, PBC-DFT has been shown to be a very good method to reliably predict the band gaps of conjugated polymers.
and optical properties of P3HT to understand the photoelectric conversion process by PBC-DFT method and Marcus theory. Meanwhile, based on furofurans substituted with CN groups, furo [3,4- [3,2-b] furan-3-carbonitrile (FF3) and furo [2,3-b] furan-3-carbonitrile (FF4), six polymers, PFF1, PFF2, PFF3a, PFF3b, PFF4a, and PFF4b, were designed to study their potentials toward PSC through comparing their structural, electronic and optical properties with those of P3HT. Furthermore, in order to understand the effects of CN groups on the electronic and optical properties of polymers, we comparatively investigated polymers substituted by CN groups and the unsubstituted ones (1PFa, 1PFc, 2PFc, and PFb) which have been investigated in our previous work.
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This paper is organized as follows. In Section 2, we described the computational methods to obtain the geometries and density topological analyses. In Section 3, the structural, electronic and optical properties of P3HT as well as the experimental observations, and the structural, electronic and optical properties of the designed polymers were reported. Concluding remarks were given in Section 4.
Calculation Methods and Theoretical Details
Density functional theory (DFT) and time-dependent DFT (TD-DFT) 26 were used to obtain the qualitative features of all the compounds at B3LYP/6-31G (d) level. 27, 28 All the optimized structures have no imaginary frequencies at the present level. Periodic boundary conditions (PBC) 29 method was employed for the block polymers with 6-31G (d) basis set. All the calculations were carried out by Gaussian 03 package. 30 In addition, as to the oligomers, density topological analyses were examined by employing atom in molecule (AIM) analyses, 31 and the nucleus-independent chemical shift (NICS) 32 was also calculated at the B3LYP/6-31G (d) level. The NICS method possesses the merit that it allows the evaluation of aromaticity, antiaromaticity, and nonaromaticity of single-ring systems and individual rings in polycyclic systems (local aromaticities). 33 In this work, NICS is defined as the negative of the magnetic shielding at a ring critical point (RCP) and at 1.0 Å above the (RCP) which is gained from the AIM analyses. Furthermore, the bonding characteristics were investigated by natural bond orbital (NBO) theory.
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Results and Discussion P3HT. Geometry Optimization: The polymer and parent structures of P3HT were displayed in Scheme 2 and Scheme 3, respectively. The dihedral angle of P3HT is 68°. The central bond (C1-C2) as the π-conjugated bridge as shown in Scheme 2 plays important role in carrier transport process, thus, we investigated the central bond properties of P3HT dimer as shown in Table 1 . The bond length (BL) of P3HT is 1.47, and the Wiberg Bond Index (WBI) which measures the π-bond characters is between 1.0 and 2.0, that is to say, the central bond of P3HT displays π-bond characters. In addition, the hybridizations (SP 1.76 ) of the carbon atoms (C1, C2) in central bond confirm the results.
Additionally, in order to obtain the charge population analysis of central bond of P3HT, we calculated the properties of bond critical points (BCPs) of central bonds. BCP represents the saddle point between two atoms, is denoted as (3, −1). The charge density P (r) and Laplacian ( ) at the BCP were also listed in Table 1 . and inspect the changes in electronic accumulation, 38 and large charge density (more positive) and Laplacian ( ) (more negative) at BCPs imply large local populations of charges in those bonds. The of P3HT is negative, which indicates that the two atoms in central bond are relatively accumulated due to shared interactions. Moreover, the polymer thermal stability which is critical for PSC in utilization process is related to the size of bond dissociation energy (BDE Since NICS can distinctly and simply monitor the condition of ring currents, it is widely used to express the aromaticity of molecules. Systems with significantly negative NICS values are aromatic and systems with strongly positive NICS values are anti-aromatic, and non-aromatic cyclic systems should therefore have NICS values close to zero.
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Generally, NICS is computed at a ring center, namely in the position of RCP (NICS (0 Å)), however, it was reported that NICS values computed at 1.0 Å above the RCP (NICS (1.0 Å)) was recommended as being a better measure of π-electron delocalization when compared with that of NICS (0 Å). 40, 42 In the present work, both the NICS (0 Å) and NICS (1.0 Å) values for monomers and oligomers are calculated and given in Table 2 , and the positions of all the rings in the molecular system are shown in Scheme 2.
In Table 2 , the NICS values of P3HT indicate that the ring currents in P3HT (more positive) are reducing relative to that in the individual thiophene ring (NICS, −13.9 at B3LYP/6-31G (d) level), which results from the electrons of P3HT delocalizing to the whole molecule, thus forming conjugated systems.
Absorption Spectra: The experimental absorption spectrum of P3HT depicted in Figure 1 The simulated absorption spectrum of P3HT-Dimer by TD-DFT/B3LYP method with the same 6-31G (d) basis set was given in Figure 1 (b) for comparison, and the effect of the solvent (chloroform) within polarizable continuum model (PCM) 44 was taken into account during the calculation. The main absorption peak of calculated P3HT-Dimer is located at 269 nm. In comparison with the simulated dimer, the main absorption peak of experiment is red-shifted, which may results from better conjugation of polymer than oligomer. However, the agreements between measured and simulated spectra are well in overall spectral shape.
Moreover, the detailed electronic transitions, absorption wavelengths (λ abs ), oscillator strengths ( f ), and main configuration of dimers were given in Table 1S in Supporting Information. Herein, the S 1 ← S 0 electronic transition coming from HOMO to LUMO (absorption process) is the strongest among the three main electronic transitions. In the process of S 1 ← S 0 electronic transition, charge transfers from conjugation section of homocyclic rings to sulfur atoms as shown in the HOMO and LUMO diagrams of P3HT-Dimer in Figure 1S (in Supporting Information).
The experimental and simulated absorption spectra of P3HT illustrate that P3HT exhibits narrow absorption spectrum which is one of the main hindrances to the further improvement of the efficiencies of P3HT-bsede devices.
Frontier Molecular Orbitals: In order to harvest the maximum of the photon flux from the sun and get high short-circuit current (J SC ), the band gap (E g ) of the polymers should lie between 1.3 and 1.9 eV. 45 Further, a deep HOMO energy level (-5.2 → -5.8 eV) is needed to ensure that the material is stable toward oxidation from air. Rather, the open-circuit voltage (V OC ) of PSC is ultimately limited by the difference between the HOMO of the donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor. 46, 47 In addition, the LUMO(D)-LUMO(A) (L-L) and HOMO(D)-HOMO(A) (H-H) offsets are necessarily larger than 0.3-0.5 eV to guarantee exciton separation. It will be useful to confirm the frontier molecular orbitals (FMOs) of molecules since the relative ordering of the occupied and virtual orbitals provides a reasonable qualitative indication of the excitation properties in the processes of exciton generation and dissociation.
In present work, the structural and electronic properties of polymers were obtained by employing PBC calculation. The FMO energy levels and band gaps of polymers were shown in Figure 2 , and the band gap is obtained from the minimum difference between HOMO and LUMO energy levels at a constant k. As shown in Figure 2 , the band gap of P3HT is around 1.9 eV, and limits the absorbance to below a wavelength of 650 nm. In addition, the LUMO level, and H-H and L-L offsets of P3HT meet the general requirements for PSC, whereas the HOMO level is higher than the antioxidation level, which is disadvantageous to its antioxidation.
In Figure 2 , the HOMO and LUMO levels of P3HT are higher than the measured ones about 0.6-0.7 eV, respectively, and the E g difference between measurement (1.9 eV) and calculation (2.02 eV) is only 0.12 eV. The different environments between measurement and simulation should be responsible for the slight difference. Additionally, the calculated H-H and L-L offsets are larger than the experimental ones by 0.58, and 0.7 eV, respectively.
In the power conversion efficiency formula: η = V OC × J SC × FF/P in , the three parameters, V OC , J SC , and FF, determine the solar cell performance directly. The parameter, opencircuit voltage (V OC ) formed in the process of carrier transport is widely used to estimate the maximum PCE. 16 As shown in Figure 2 , the experimental V OC (P3HT-exp) is obtained when the J SC is equal to zero in J-V curves. With respect to theoretical V OC , it has been described by two models: one is the metal-insulator-metal (MIM) model, which proposes that V OC depends linearly on the work function difference between the two electrodes, 48 the other model is the HOMO
D -LUMO
A offset model, which describes that V OC changes linearly with the energy level offset between BM) , and the 0.3 V is an empirical factor to offset the exciton binding energy. 51 In comparison of the experimental and simulated V OC values, the simulated V OC is lower than the measured one by 0.78 V, which mainly results from the HOMO level difference between simulation and experiment (0.58 eV).
Charge-transfer Properties: In accordance with the band-like theory, the bandwidth (BW) and electron effective mass (m * ) are good parameters for predicting the hole and electron-transporting ability of polymers. [52] [53] [54] The effecitive mass of carrier at the band edge representing mobility was obtained as the square of multiplied by the reciprocal of the curvature from E(k) with k, and the formulation is defined as 
(2)
The kinetic model of mobility (μ) is given by the following formula:
The BW and m * data are shown in Table 3 . According to the band theory, the wider the BW, the smaller the effective mass, and the larger the kinetic model of mobility. 55 The data in Table 3 investigate that P3HT has wider valence band (2.13 eV) and small m * (1.48).
Above studies investigate that the electronic and photovoltaic properties are consistent with the experimentally observed properties, and the narrow absorption spectrum in visible region of P3HT is one of its limitations for more favorable performance.
Designed Polymers. Given that the calculations on P3HT gave well explanations to the photoelectric conversion process. We analyzed the electronic, optical, and structural properties of the designed polymers in the following sections as well as the comparison with P3HT.
Geometry Optimization: The structures of all the studied polymers were displayed in Scheme 2. The dihedral angles in the designed oligomers and polymers are close to zero, therefore, these designed compounds are rigid backbones. Rather, the designed polymers have better planarity than P3HT. The parent structures of calculated polymers were shown in Scheme 3. In order to compare with P3HT, we also investigated the π-conjugated bridge in dimers, central bonds (C1-C2), and the data about central bond properties were given in Table 1 . In Table 1 , the BL values of central bonds in designed dimers are between 1.42-1.44 Å which is shorter than that of P3HT (1.47 Å), and the WBI values of the designed dimers (between 1.13 and 1.15) are obviously larger than that of P3HT (1.06). In addition, the hybridizations of the carbon atoms (C1, C2) in central bonds of designed polymers illustrate that the p orbital component decreases relative to that in P3HT, which results from the p orbital in designed dimers involving in the central bonds more than that in P3HT. Therefore, the BL, WBI, and hybridization analyses indicate that the central bonds in designed dimers display more π-bond characters than P3TH.
In addition, charge population properties were analyzed as the P3HT. Table 1 listed the properties of BCP in central bonds of designed dimers. The charge densities (more positive) and Laplacian values (more negative) of designed dimers are apparently larger than these of P3HT, which suggests that larger local populations of charges in the central bonds of designed dimers than P3HT.
In a word, as to the designed dimers, the increased p orbital components in bridge bonds lead to large charge accumulations and WBI values, and then lead to short BLs. In other words, the increased charge accumulations strengthen the central bonds, and then increase the central bond energy and strengthen structural stability.
In order to concretely display the structural stability, we calculated the bond dissociation energy (BDE) of the π-conjugated bridge bonds of designed polymers, and listed the data in Table 1 . From Table 1 , we can see that the BDE g and BDE e values are larger than those of P3HT, respectively, and the results confirm the above analyses that the central bonds of designed polymers are more stable than that of P3HT. What is notable is that the dimers substituted with CN groups have larger BDE than the unsubstituted furofurans, which indicates that CN groups as the electron-withdrawing groups enhance the bridge bonds.
Consequently, the charge accumulations on bridge bonds in designed dimers are larger than those on P3HT, which leads to more stable bridge bonds and structures of designed dimers than P3HT, especially of the polymers substituted with CN groups. Conjugational Properties: As well as P3HT, the calculated NICS values at points 1.0 Å above and at RCPs were listed in Table 2 . As shown in Table 2 , all the NICS values are negative, therefore, all the studied rings are aromatic. In addition, the NICS values of all a rings in 1Fa system (1Fa, FF1, and FF2) are larger (more negative) than these of P3HT, which indicates that the ring currents in a rings in 1Fa system are larger than those in P3HT. However, the NICS values in b rings in 1Fa system are smaller (more positive) than those in a rings of P3HT, which mainly originates from the charges delocalizing along the polymeric axis and b rings are farther from the polymeric axis than a rings. In other designed systems, all the rings are along the polymeric axis, and all the NICS values from a and b rings are similar to those of P3HT, that is to say, they have similar ring currents and conjugation to P3HT.
In addition, through investigating the same positions in designed rings, we find that the NICS values in rings with CN groups are apparently larger than those in unsubstituted furofurans, such as the NICS in b1 ring of 1Fa is −6.3, whereas the NICS values in b1 rings in FF1 and FF2 are −6.7 and −6.4, respectively. That is to say, the insertion of CN groups increases the ring currents due to its strong electron-withdrawing strength.
Besides, we also calculated the NICS values of monomers, trimers, and tetramers of designed polymers as shown in Table 2S in Supporting Information. The calculated results indicate that the ring currents in the same positions decrease with the increased polymeric number, which results from the charges delocalizing to the whole molecules, that is to say, the conjugational degree of the oligomers enhances with the increased polymeric number.
In a word, we conclude that the designed polymers are favorable conjugated systems.
Absorption Spectra: The simulated absorption spectra of dimers of designed polymers were presented in Figure 1(b) , (d), (e), (f), and the absorption wavelength (λ abs ), oscillator strength ( f ), and main configuration were listed in Table 1S (see the Supporting Information). The spectra of designed polymers are in the range of 300-400 nm, and they are redshifted relative to P3HT (200-300 nm). Further, f values of the maximum absorption peaks in designed molecules are larger than these in P3HT. Combining Figure 1 and Table  1S , we can find that the main configurations with the maximum wavelength of the designed molecules belong to single electron transitions and come from HOMO to LUMO mainly assigned to π → π* transition of the whole molecules.
Moreover, in the four systems, the absorption spectra of dimers substituted with CN groups are red-shifted relative to those of single furofuran dimers (1Fa system: 372 → 392, 458 nm; 1Fc system: 351 → 356 nm; 2Fc system: 353 → 390 nm; Fb system: 314 → 336, 363 nm). The absorption spectra of oligomers of polymers substituted with CN groups were depicted in Figure 2S in Supporting Information. As shown in Figure 2S , the absorption spectra are red-shifted with the increased polymeric number in respective systems.
In comparison with simulated absorption spectrum of P3HT, the designed polymers, especially the polymers substituted with CN groups, have more broad and strong absorption spectra, and the absorption peaks lie in smaller energy ranges. The well conjugation of the designed polymers due to well rigidity should be responsible for the improved absorption spectra.
Frontier Molecular Orbitals: The calculated parameters of FMOs were given in Figure 2 , and the band structures of polymers substituted with CN are given in Figure 3 . As shown in Figure 2 , the HOMO and LUMO levels of unsubstituted furofuran polymers are higher than these of P3HT, which are disadvantageous to the antioxidation. Whereas the insertion of CN groups obviously decreases FMO levels and band gaps of substituted polymers, which ascribes to the enhanced charge delocalization and molecular conjugation of designed substituted polymers resulting from the strong electron-withdrawing strength of CN groups. Thus, the substituted polymers with CN groups are the mainly investigated targets.
In Figure 2 , the HOMO energy levels of substituted polymers are lower than those of P3HT (simulation), which ascribes to the substituted polymers with better conjugations as the HOMO diagrams shown in Figure 4 . In Figure 4 , the electronic cloud distributions of HOMOs of all the oligomers localize near the polymeric axis, and the electronic cloud overlap and conjugational degree of oligomers strengthen with increased polymeric number. The LUMO levels of substituted polymers decrease relative to that of P3HT (simulation), and the LUMO diagrams of oligomeric units of designed polymers were exhibited in Figure 5 . The rest of HOMO and LUMO diagrams of other oligomers were given in Figure 3S and Figure 4S . Analogously, the electronic cloud distributions of LUMOs of all the oligomers localize near the polymeric axis. Therefore, we can conclude that the hole and electron transport mainly along the polymeric axis, and the designed polymers have better antioxidation properties than P3HT due to lower HOMO energy levels. Though the incorporation of CN groups decrease the FMO energy levels, the band gaps of PFF4a and PFF4b (2.69 and 2.56 eV, respectively) are still larger than that of P3HT. Therefore, only PFF1, PFF2, PFF3a, and PFF4b have smaller band gaps than P3HT for PSC.
In order to understand the properties of the polymers under the circumstance of field, we also calculated the octamers of all the designed polymers in different electric field intensities in terms of relative energy, dipole moment, and charge transfer as listed in Table 3S , and the corresponding diagrams of FMOs were depicted in Figure 4 , 3S and Figure 5, 4S. As shown in Figure 4 , 3S and Figure 5 , 4S, the electronic cloud distributions delocalize along the direction of added field (the direction of arrows). In addition, the electric field reduces the total energy of the octamers with the strengthened intensity of electric field as the relative energy listed in Table 3S . The relative energy means that the optimized octamer energy is regarded as zero eV, and other energies compare with it. The above results indicate that the strong electric field results in large electron delocalization and charge transfer, which suggests that the designed polymers have better charge transfer properties in field.
In addition, the E g values of designed polymers (smaller than 2.0 eV) are smaller than the simulated structure of P3HT (2.02 eV) by PBC-DFT method. Besides, we also simulated the FMOs of PCBM, and the HOMO, LUMO and E g energies were exhibited in Figure 2 . From Figure 2 , we can see that the simulated values are larger than the experimental ones as well as P3TH. Moreover, the simulated HOMO and LUMO diagrams of PCBM were given in Figure 5S .
In order to compare the V OC size with P3HT, we also simulated the V OC of designed polymers by the HOMO D -LUMO A offset model. As shown in Figure 2 , the polymers substituted with CN groups have larger V OC than that of P3HT in theory due to lower HOMO energy levels. Especially, the V OC values of the PFF3 (PFF3a and PFF3b) and PFF4 (PFF4a and PFF4b) are larger than 0.9 V which are apparently higher than the simulated (−0. Figure 2 . The data in Figure 2 indicate that only Fb system don't meet the requirements in theory.
Thus, combining the V OC and FMO offsets, only PFF1, PFF2, PFF3a and PFF3b are promising candidates for PSC due to low-lying FMO energy levels, small band gaps, large V OC , and sufficient H D -H A and L D -L A offsets for exciton separation relative to P3HT.
Charge-transfer Properties: By the same methods as P3HT, we calculated the band widths and effective masses for designed polymers, and listed the data in Table 3 .
From Table 3 , we can see that the designed polymers except for PFb systems have smaller valence band widths in comparason of P3HT, especially the polymers 1PFa, PFF1, PFF2, and 1PFc, and these polymers do not have smaller effective masses, but they also have larger valence band widths. In accordance with the above investigations, polymers 1PFa, PFF1, PFF2, and 1PFc have better hole transport properties than P3HT. Moreover, we find in Table 3 that the CN incorpatration obviously decreases the effective mass through comparing 1PFa and PFF2.
The above investigations of designed polymers illustrate that polymers PFF1and PFF2 are promising polymers toward PSC due to their better electronic and photovoltaic properties than P3HT in theory.
Conclusions
In this contribution, we rationalized the experimentally observed properties of P3HT by PBC-DFT method and Marcus theory. The investigations referred to the geometry optimizations, conjugation properties, absorption spectra, frontier molecular orbitals, charge-transfer properties. The simulated results match well with the experimental ones. Based on the same calculated methods, we compared the electronic, optical, and structural properties between the designed polymers and P3HT, and we studied the effects of CN groups on the polymer properties.
In comparison of P3HT, the designed polymers substituted with CN groups have better structural stability, lower FMO energy levels, broader absorption spectra, and larger chargetransfer rates due to their better rigidity and conjugation, and smaller effective mass. In addition, the insertion of CN groups greatly improves the performance of PSC by improving their electronic and structural properties. Synthetically considering the properties of affecting PSC, PFF1and PFF2 are the champion candidates for PSC due to large open-circuit voltages and smaller effective masses, and sufficient H In the furofuran systems, CN groups obviously improve FMO energy levels, band gaps, and carrier mobilities, which are significant for improving PCE of PSC. Whether the natures of CN groups are suitable for other system, and whether other groups own such natures, which will be explored in our later works. grateful to the anonymous referees for their suggestions. And the publication cost of this paper was supported by the Korean Chemical Society.
Supporting Information. HOMO and LUMO orbital diagrams for the oligomeric units of 1Fc and Fb systems, P3HT, PCBM; absorption wavelengths (λ abs ), oscillator strengths ( f ), and main configuration of dimers; negative NICS values of monomers and oligomers; and relative energy, dipole moment, and charge transfer of octamer are provided.
